Marín García, ML.; Zaragoza, RJ.; Miranda Alonso, MÁ.; Bonjoch, J. (2011). Translocation versus cyclisation in radicals derived from N-3-alkenyl trichloroacetamides. Organic and Biomolecular Chemistry. 9(9):3180-3187. doi:10.1039/c0ob01228a. Under radical reaction conditions, two different and competitive reaction pathways were observed from N-(-methylbenzyl)trichloro acetamides with a N-3-cyclohexenyl substituent: 1,4-hydrogen translocation and radical addition to a double bond. However, for radicals with an acyclic alkenyl side chain, the direct cyclisation process was exclusively observed. The dichotomy between translocation and direct radical cyclisation in these substrates has been theoretically studied using density functional theory (DFT) methods at the 10 B3LYP/6-31G** computational level.
Introduction
Trichloroacetamides have been used since the 1980s as radical precursors to synthesise nitrogen-containing 15 heterocycles, such as -, -, and -lactams, in a variety of radical processes (e.g. atom transfer mediated by CuCl 1 or Grubbs' ruthenium metathesis catalysts, 2 and the hydride reductive method 3 ). Their usefulness in radical cyclisations leading to 6-membered rings can be attributed to the 20 stability of the formed N-(3-alkenyl)carbamoyldichloromethyl radicals, which reduces the occurrence of the disruptive 1,5-hydrogen shift. 4 Several years ago, we showed that N-benzyl-N-cyclohexenyl trichloroacetamides 1 are versatile reagents for the synthesis 25 of 2-azabicyclo[3.3.1]nonanes 2 (Scheme 1), via radical cyclisation. Attempts to extend this morphan approach to the 30 synthesis of enantiopure compounds with a (S)-1-phenylethyl group at the nitrogen produced a surprising result when using either electron-rich 6 or electron-poor
At this point, we decided to explore the scope of this unprecedented radical rearrangement occurring in the tinhydride-promoted cyclisation of trichloroacetamides bearing 60 a N-(1-phenylethyl) substituent. 9 To assess whether translocation is a particular process in the synthesis of morphans or it can also occur when other alkylbenzyl moieties are present, simple open-chain trichloroacetamides (6, 7, and 9) were prepared, and their behaviour under radical reaction conditions (the hydride method) was examined.
To obtain further insight into these radical processes leading to mono-and bicyclic compounds, theoretical studies on their reaction pathways were also carried out. 70 Thus, the reductive cyclisation of trichloroacetamides 7, 3b, 1 (R=CN) and 3d has been studied by means of DFT 
Results and discussion
Synthetic studies
5
Preparation of the starting materials 6 and 7 from the corresponding amines in the trichloroacetylation step was improved upon the previously reported procedure. 10 The unreported trichloracetamide 9 was prepared from 7 by ozonolysis to give aldehyde 8, followed by treatment with 10 isopropenyl acetate. 11 The enol acetate 9 was obtained as a mixture of Z/E isomers (4:6 ratio) (Scheme 3). When trichloroacetamides 6, 7 and 9 were treated with tris(trimethylsilyl)silane (TTMSS)/AIBN, pyrrolidone 10 (80%) and piperidones 11 (53%) and 12 (78%) were, 15 respectively, formed. The isolated compounds are the result of cyclisation of the 1-(carbamoyl)dichloromethyl radical onto the double bond without any diastereoselectivity (epimeric 1:1 mixtures were obtained in every case). The 1,4-translocation products were not detected for these open-20 chain trichloroacetamides that contain the alkylbenzyl moiety but lack the cyclohexene. Therefore, it seems that both structural features are required to observe the translocation proccess. 
Theoretical DFT studies i) Conversion of 7 into 11 and 11a
The suggested mechanism is depicted in Scheme 4; the 30 energies of the relevant species are shown in Fig. 1 and Table 1 ; finally, geometries of the involved transition states are shown in Fig. 2 .
For the conversion of 7 into 11 or 11a (not observed) two possible reaction paths (paths 1 and 2 in Scheme 4) have 35 been investigated. In this mechanism, radical cyclisation or hydrogen translocation from the initially generated 1-(carbamoyl)dichloromethyl radical are assumed to be faster than hydrogen abstraction, as experimentally evidenced in the morphan series. 7 In path 1, the initial intermediate R- 1 40 undergoes an intramolecular attack of the dichloromethyl radical onto the olefinic carbon with simultaneous sixmembered ring formation, through TS1, to give cyclic radical R-2. Final reduction of the radical intermediate R-2 leads to the diastereomeric mixture of methylpiperidones 45 11. It is worth noting that the possibility for the radical R-1 to attack the olefin by its re-face and si-face results in two transition states TS1-re and TS1-si, respectively.
50
Scheme 4 Suggested mechanism for the conversion of 7 into 11 and 11a.
In the reaction path 2, R-1 suffers an intramolecular hydrogen transfer from the benzylic position to the 55 dichloromethyl group, through TS2, leading to benzyl radical R-3, which is stabilised by conjugation with the aromatic ring. Intramolecular attack of R-3 to the olefinic carbon with simultaneous five-membered ring formation through TS3 gives rise to R-4. Subsequent reduction would 60 afford the epimeric mixture of methylpyrrolidines 11a. As mentioned above for path 1, both TS3-re and TS3-si may result from the radical attack on both faces of the olefin, giving rise to radicals R-4-re and R-4-si, respectively. The conversion of dichloromethyl radical R-1 into the piperidine radical R-2-re has an energy barrier of 12.8 kcal (TS1-re), while the energy barrier for the transformation into piperidone radical R-2-si is 13.4 kcal mol -1 (TS1-si) (see Fig. 1 and Table 1 ). These energy values indicate that the attack of radical R-1 on the re-face of the olefin is, from the kinetic point of view, slightly favoured. 15 However, this energy difference still allows the competition between both pathways in agreement with the observed experimental results. Overall, the conversion of R-1 into R-2-re and R-2-si is thermodynamically favoured by 11.9 and 10.7 kcal mol -1 , respectively.
20 Table 1 Total (E, au) and relative energies (E, kcal mol -1 ), at B3LYP/6-31G** level in benzene, of the stationary points for the radical transformations of 7 leading to 11 and 11a. On the other hand, the conversion of radical R-1 into the 25 pyrrolidine radical R-4 (path 2, Scheme 4) has an energy barrier of 14.5 kcal mol -1 (TS2). Initial hydrogen transfer is the rate determining step of the process (TS2), being more energetic than the subsequent intramolecular attack of the benzyl radical to the re-face or si-face of the olefin (TS3-re   30 and TS3-si, 6.3 and 8.9 kcal mol -1 , respectively). Hence, TS2 (path 2) is 1.7 and 1.1 kcal mol -1 , respectively, above TS1-re and TS1-si (path 1). As a consequence, the methylpyrrolidines 11a should be minor products in the reaction mixture (ca. 3%), and may or may not be observed.
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ii) Conversion of 3b into 4b and 5b
The mechanism proposed for the transformation of 3b into 4b and 5b (Scheme 5) is based on a theoretical treatment analogous to that described above for the conversion of 7 into 11 and 11a. The energies of the relevant species are shown in Fig. 3 and 5 Table 2 ; Fig. 4 shows the geometries of the transition states involved in the proposed mechanism. In this case, the starting point is the most stable conformer of dichloromethyl radical R-5, bearing the acetamide moiety at the equatorial position, that can evolve through paths 1 or 10 2. Along the former R-5 is first converted into its conformer R-5a by rotation of the N-CO bond through transition state TS4. Then, R-5a changes to the inverted-chair conformation R-5b, through TS5, in order to make the subsequent attack to the double bond (by TS6) feasible. It is worth noting that 15 inversion of the chair conformation prior to the N-CO bond rotation, results in a higher energetic barrier. Reduction of the intermediate R-6 leads to azabicyclononane 4b. The radical attack is only possible from the same side of the molecule, due to the conformational restrictions of TS6, giving rise to 20 only one diastereoisomer of 4b.
In path 2, radical R-5 undergoes an intramolecular hydrogen transfer from the benzylic position to the dichloromethyl group through transition state TS7. The stabilised benzyl radical intermediate R-7 suffers a 25 conformational change of the cyclohexene ring to an invertedchair, with simultaneous rotation of the C1-N bond (through TS8), leading to radical R-7a. Finally, R-7a undergoes an intramolecular radical addition at the olefinic carbon with simultaneous five-membered ring-formation (through TS9), 30 giving rise to R-8. Eventually, reduction of this radical affords normorphan 5b.
Thus, dichloromethyl radical R-5 is converted into R-6 through three transition states TS4, TS5 and TS6 with relative energy values of 11.6, 13.2 and 13.1 kcal mol -1 , respectively 35 (see Fig. 3 and Table 2 ). As TS5 and TS6 have similar energetic levels, they are the rate limiting steps. The dichloromethyl radical R-5, stabilised by interaction with the benzylic hydrogen, is converted into the less stabilised radical R-5a (+3.9 kcal mol -1 ). Subsequent conversion of R-5a into 40 R-5b is clearly a disfavoured step from the energetic point of view (+5.6 kcal mol -1 ). Remarkably, formation of R-6 from R-5b is thermodynamically favoured. On the other hand, the transformation of R-5 into R-8 has an energetic barrier of 14.1 kcal mol -1 (TS7) that corresponds to the initial hydrogen 45 transfer. This step is more energetic than the subsequent conformational change (TS8 = 1.1 kcal mol -1 ) and than the intramolecular attack of the benzyl radical at the olefinic carbon (TS9 = 8.5 kcal mol -1 ). The transformation of R-5 into R-7 is exothermic (-8.3 kcal mol -1 ) due to stabilisation of the 50 benzyl radical formed. The conformational change from R-7 to R-7a is again an endothermic step (+4.0 kcal mol -1 ); however, the radical attack on the double bond giving rise to the bycyclic radical R-8 is exothermic (-5.6 kcal mol -1 ). Overall, both proposed pathways are exothermic by -17.0 55 kcal mol -1 and -9.9 kcal mol -1 , respectively. When the energetic barriers of both pathways are compared, TS5/TS6 for path 1 and TS7 for path 2, the former is 0.9 kcal mol -1 lower. This small difference allows competition between the two pathways, with formation of azabicyclononane 4b being 60 slightly favoured over that of normorphane 5b, in agreement with the experimentally observed results.
Scheme 5 Suggested mechanism for the conversion of 3b into 4b and 5b. Fig. 3 B3LYP/6-31G** Energy profiles for the radical transformations of 3b leading to 4b and 5b in benzene; 3b, 4b and 5b are off the scale.
5 Table 2 Total (E, au) and relative energies (E, kcal mol -1 ), at B3LYP/6-31G** level in benzene, of the stationary points for the radical transformations of 3b into 4b and 5b. iii) Conversion of 3d and 1 into 4d/5d and 2/2a
From the above theoretical calculations, the rate limiting steps 15 for the conversion of 3b into 4b/5b are TS5/TS6 and TS7, respectively. Hence, to simplify the theoretical study for the conversion of 3d into 4d/5d and 1 into 2/2a only those transition states have been considered (for clarity compound 3d has been depicted as its enantiomer, see Scheme 6). The 20 energies of the relevant species are shown in Table 3 ; Fig. 5 shows the geometries of the involved transition states.
Here, R-9 is the initially formed radical in the transformation of 3d into 4d or 5d. Transition states TS10 and TS11 correspond to the energetic barriers for the 25 conformational change for chair inversion and intramolecular radical attack to the olefinic carbon, respectively, along path 1. Likewise, TS12 is the barrier for the translocation of the benzylic hydrogen to the dichloromethyl moiety leading to 5d along path 2. The equivalent species for the transformation of trichloroacetamide 1 into the azabicyclononane 2 or normorphane 2a (not experimentally observed) are R-9a, TS10a, TS11a and TS12a. 5 The energetic barriers for the conversion of 3d into 4d/5d are similar to the ones calculated above for the epimer 3b (see Table 3 ). Again, TS10 and TS11 (path 1) have very similar values (13.8 kcal mol -1 and 13.2 kcal mol -1 , respectively) while TS12 (path 2) is higher in energy (14.5 kcal mol -1 ). 10 When the energetic barriers for the two pathways are compared, TS10 for path 1 and TS12 for path 2, the former is 0.7 kcal mol -1 lower. This difference is slightly smaller than that observed for the isomer 3b (0.9 kcal mol -1 ) and supports the experimentally observed trend of increased translocation 15 product 5d.
Finally the theoretical calculations are significantly different for trichloroacetamide 1 that contains a benzyl instead of a 1-phenylethyl group. The energies of the implied transition states in path 1 for conversion of 1 into 2 (TS10a 20 and TS11a) are lower (13.0 kcal mol -1 and 10.9 kcal mol -1 , respectively) than in the case of TS10 and TS11. On the other hand TS12a (the energetic barrier for the conversion of 1 into 2a through path 2) is now 16.1 kcal mol -1 , much higher than TS12 (14.5 kcal mol -1 ). This is reasonable, in view of the 25 lower stability of secondary versus tertiary benzylic radicals. As a conclusion, the energy barrier for conversion of 1 into 2 through path 1 is now clearly lower by 3.1 kcal mol -1 than for conversion of 1 into 2a through path 2. These calculations are in complete agreement with the experimental results, and 30 explain why normorphane 2a was not observed. 
Summary and conclusions
The radical cyclisation of N-cyclohexenyl trichloroacetamides using AIBN/TTMSS gives rise to 2-azabicyclo[3.3.1]nonanes with good overall yields. However, when N-cyclohexenyl-N-
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(1-phenylethyl) trichloroacetamides are submitted to similar conditions, normorphane derivatives are also isolated. The former are the result of the expected 6-exo-trig radical cyclisation, whereas the latter come from a competitive process involving a 1,4-hydrogen transfer, followed by a 5-exo-trig cyclisation. When the same experimental conditions were applied to trichloroacetamides bearing an N-(1-phenylethyl) substituent and a simple open-chain alkenyl moiety, the obtained products result only from the cyclisation of the 1-(carbamoyl)dichloromethyl radical onto the double 15 bond. The 1,4-translocation products are not detected. Therefore, it seems that the two structural features are required for the translocation to occur, namely the alkyl benzyl moiety and the cyclohexene ring. Theoretical DFT calculations have been performed to 20 explain the formation of products resulting from cyclisation of the 1-(carbamoyl)dichloromethyl radical onto the double bond (path 1) and/or the products arising from translocation of the benzylic hydrogen to the dichloromethyl moiety followed by a cyclisation (path 2). 
N-[(S)-1-phenylethyl]-N-(2-propenyl)-2,2,2-trichloroacetamide 6
45
To a solution of N-[(S)-1-phenylethyl]allylamine
12 (470 mg, 2.92 mmol) in CH 2 Cl 2 (15 mL) was added triethylamine (0.81 mL, 5.84 mmol) and the solution was cooled at 0 ºC. Trichloroacetyl chloride (0.49 mL, 4.38 mmol) in CH 2 Cl 2 (1.5 mL) was added and the resulting mixture was heated at reflux 50 for 24 h. The reaction mixture was concentrated, and the resulting residue was dissolved in CH 2 Cl 2 , washed with 1 N aqueous HCl, and saturated aqueous Na 2 CO 3 . The organic layer was dried, concentrated, and purified by chromatography (10% EtOAc-hexane) to give 6 (643 mg, To a solution of p-toluenesulfonic acid monohydrate (6 mg, 0.032 mmol) in isopropenyl acetate (1.5 mL) warmed at reflux temperature was added a solution of aldehyde 8 (103 mg, 0.32 mmol) in isopropenyl acetate (3 mL) and the mixture was 105 stirred for 24 h. To the cooled reaction mixture was added Et 2 O (10 mL) and the solution was washed with 5% aqueous NaHCO 3 
Computational methods
All calculations were carried out with the Gaussian 03 suite of programs. 15 Density functional theory 16 calculations (DFT) have carried out using the B3LYP 17 exchange-correlation functionals, together with the standard 6-31G** basis set. The stationary points were characterized by frequency calculations in order to verify that minima and transition structures have zero and one imaginary frequency, respectively. The inclusion of solvent effects have been considered by using a relatively simple self-consistent 100 reaction field (SCRF) method 19 based on the polarizable continuum model (PCM) of Tomasi's group. 20 As solvent we have used benzene. Gaussian treats H atoms as part of a fragment (OH, CH, SH etc) when creating cavities in the PCM model. In some cases (e.g. heavy atom-H bond is elongated), 105 cavity building fails. For this reason, we have used the cavity model that also assigns spheres to hydrogens (radii=uff).
